The effect of unilateral, incomplete cerebral ischemia on CBF, unidirectional flux of o: -aminoiso butyric acid (AlB) and sodium, and number of perfused capillaries during ischemia and reperfusion was measured in the cortex of gerbils with symptomatic ischemia. Three hours of unilateral carotid occlusion reduced the CBF to the ipsilateral cortex by 81%, with a smaller 30% decrease in the contralateral cortex. Following 11 min of reperfu sion, CBF in the ipsilateral cortex returned to the pre ischemic value, while the contralateral blood flow de creased to 50% of control. The transfer constants for AlB and sodium in the ipsilateral cortex were reduced by 67 and 53%, respectively, after 3 h of ischemia, with no change in the contralateral cortex. The transfer constant for AlB remained decreased by 48% during the first 20
Unilateral carotid occlusion in the gerbil results in a progressive increase in brain water that is closely related to changes in tissue sodium and po tassium (Ito et aI., 1979; Lo et aI., 1987; Betz et aI., 1989) . Since the rate of increase in brain sodium is nearly identical to the rate of unidirectional flux of sodium from blood to brain during the first 3 h of ischemia, blood-brain barrier (BBB) sodium trans port appears to limit the development of brain edema during early incomplete ischemia (Betz et aI., 1989) .
The studies of Lo et al. (1987) and Betz et a1. (1989) both found that the unidirectional flux [measured as a permeability-surface area (P S) product] for sodium decreases by 35-55% during incomplete ischemia in the gerbil. It was suggested min of reperfusion, while that for sodium returned to its control value. The number of perfused capillaries was reduced 54% by 3 h of ischemia and remained decreased by 20% after 11 min of reperfusion. These data indicate that 3 h of unilateral carotid occlusion reduces me num ber or perfused capdIanes in the ipsilateral cortex during the IschemIc period. 1"urther, the early reperfusion phase i"s characterized by a mismatch between capillary perfu sion and CBF. Finally, early in the postischemic phase, sodium transport undergoes a selective stimulation, prob ably as a result of stimulation of ion transport.Key Words: o: -Aminoisobutyric acid-Blood-brain barrier trans port-Capillary perfusion-Cerebral blood flow Incomplete ischemia-Sodium. (Lo et aI., 1987) that the decrease in the P S product for sodium was the result of a specific reduction in blood-to-brain sodium transport during ischemia. This hypothesis was predicated on the lack of sig nificant change in the PS product for sucrose, a compound that crosses the barrier by simple diffu sion. However, the authors did find a statistically significant 30% decrease in the cerebral blood vol ume. This reduction in the blood volume might in dicate that the number of perfused capillaries de creases during ischemia. As a result, the decrease in the PS product for sodium during ischemia may be due to a decrease in the surface area of perfused capillaries rather than a decrease in permeability. The present study was designed to address this pos sibility and to characterize BBB transport during the early phase of reperfusion in this model of isch emia.
The transfer constants for sodium and u-ami no isobutyric acid (AIB) were measured using a mul tiple-time graphical analysis method (Blasberg et aI., 1983 ) that allowed us to calculate the rate of unidirectional flux independent of blood volume . The CBF was measured by the indicator-fractionation technique to correlate changes in PS product and CBF. Finally, the num ber of perfused vascular cross-sections in the gray matter of the frontal sensorimotor cortex in control, ischemic, and reperfused gerbils was determined.
METHODS

Animal preparation
Adult male gerbils (Meriones unguiculatus) weighing 70-125 g underwent unilateral occlusion of the left com mon carotid artery under ether anesthesia. The left com mon carotid artery was exposed through a small ventral midline cervical incision and occluded using two 3-mm Kleinert-Kunz microclips. The animals recovered from the anesthesia within 10 min. Exactly 30 min after occlu sion, the gerbils were evaluated for symptoms using the neurological evaluation scale developed by McGraw (1977) and modified by Ohno et ai. (1984) . Previous data with this model of incomplete cerebral ischemia indicate that animals with a stroke index of � 10 experience a sig nificant decrease in brain specific gravity (Betz et aI., 1989 ) and a severe ischemia in the affected cortex 3 h after unilateral occlusion (Ohno et aI., 1984) . Only ani mals with a stroke index of � 10 were included in the experimental groups of the present study. Additionally, the specific gravity of l-mm3 samples from the parietal cortex of the contralateral and ipsilateral hemispheres was measured after the end of each experiment using a variable-density bromobenzene-kerosene column (Nel son et al., 1971) . Only gerbils with a significant right-left difference in specific gravity were included in the final data analysis.
Approximately 1 h before the termination of the exper iment, all animals were anesthetized with sodium pento barbital (60 mg/kg-I i.p.) and the femoral blood vessels were catheterized for monitoring blood pressure, sam pling arterial blood, and injecting isotopes intravenously. A few animals with blood pressures of <60 mm Hg, Paz of <60 mm Hg, or Peoz of >60 mm Hg were eliminated. Experiments were terminated at the designated time by decapitation. The right and left cortices were quickly sep arated from the diencephalon, the external blood vessels and choroid plexuses were removed, and the remaining cortical tissue was weighed. After the samples were dis solved in 1.5 ml of Protosol at 60°C, 5 ml of a toluene based scintillation fluor was added.
Transfer constants
The model and mathematical theory for determination of the blood-to-brain transfer constant (K;) from a multi ple-time graphical analysis have been published by Patlak et ai. (1983) . Other investigators have found that the ini tial distribution volume of many substances in the brain is greater than the plasma volume (V p) of the brain (Sisson and Oldendorf, 1971 ). Single-time point studies that use the plasma volume to correct the total brain radioactivity for the amount of radioactivity remaining within the vas cular space will overestimate Kj through an underestima tion of the initial distribution volume (Patlak et aI., 1983) .
This space has been termed the rapidly filling space (Vr), because it rapidly and reversibly exchanges with plasma. The following equation describes the relationship be- 1990 tween the amount of tracer in the extravascular space of the brain (Cb) and its concentration in the plasma (Cp):
(1)
where Vj = Vp + Yr' Under initial velocity conditions, a plot of Cb/Cp(T) vs. (fCpdt)/Cp(T) will be a straight line with a slope of Kj and a y-intercept of Vj' The term (fCpdt)/Cp(T), which has the units of time (min), repre sents the duration of the experiment if Cp had been con stant at the final blood concentration C (T) (Gjedde, 1982) . The time of isotope circulation ranged between 4 and 20 min. In the reperfusion experiments, carotid flow was reestablished for 1 min before injection of radioisotopes for measurement of transfer constants, and therefore iso tope circulation time varied between 5 and 21 min of reperfusion time. The transfer constants for sodium and AlB were mea sured in three groups of animals: (a) control gerbils (n = 20), (b) gerbils that underwent 3 h of unilateral carotid occlusion without reperfusion (n = 17), and (c) gerbils that experienced 3 h of ischemia and were then reper fused for up to 20 min (n = 21). In the gerbils that un derwent reperfusion, the clips were removed and flow through the left carotid artery was visually confirmed.
Typical results for eH)AIB in the cortex of a group of 20 control gerbils are presented in Fig. 1 . The slope of Cb/Cp(T) vs. (fCpdt)/Cp(T) is the transfer constant for AlB and in this case has a value of 2.18 ± 0.22 fl.l g-I min -I (mean ± SE). This value of Kj for AlB in the gerbil compares favorably with the value of 2.11 ± 0.10 fl.l g-I min -I reported for the rat cortex (Blasberg et aI., 1983) . The y-intercept, the blood volume plus rapidly filling space, has a value of 10.2 fl.l g -I. The correlation coeffi cient for the fit to Eq. 1 is 0.85.
Ratio of permeabilities
The transfer constant is a function of the effective vol ume fraction (Vf) of the blood in which the substance resides, the CBF, the permeability (P) of the substance at the BBB, and the surface area (S) of the BBB (Fenster macher et aI., 1981). The following equation describes the relationship between Kj, CBF, Vf and the PS product:
When the ratio K/CBF * Vf is �0.2, then Kj will under estimate the PS product by no more than 10% (Fenster macher et al., 1981) . The ratio K/CBF * Vf in the present study for AlB and sodium was never greater than 0.02, indicating Kj = PS. When two isotopes are injected si multaneously, the surface area (S) is the same for each isotope. Therefore, the ratio of the PS products is equiv alent to the ratio of their permeabilities (P).
The simultaneous injection of sodium and AlB allows for the calculation of relative changes in permeability for individual animals. The measurement of Kj from a multi ple-time graphical analysis calculates the rate constant across a group of animals, with the resultant loss of dif ferences in the transport of sodium and AlB for individual animals. A graphical analysis is equivalent to a series of 
single-time point PS product determinations. Therefore, to preserve the direct comparison of sodium and AlB permeabilities in individual animals, the data from the graphical analysis were also used to calculate PS prod ucts for each animal with the following equation:
( 3) where Vi is the value determined from the graphical anal ysis for each isotope. Ratios for these PS products were then calculated (see Table 2 ).
CBP
The CBF was calculated with the indicator-frac tionation technique using 10 fLCi of [14C]butanol as the blood flow indicator as described by Van Uitert and Levy (1978) with the modifications outlined by Betz and Ian notti (1983) . For the present study, an experimental time of 15 s was chosen for the circulation time of the blood flow indicator. CBF was measured in six control gerbils, in six gerbils after 3 h and 11 min of ischemia without reperfusion, and in six gerbils after 3 h of ischemia with 11 min of reperfusion. We chose 11 min as the additional time after 3 h of ischemia to study either CBF or capillary perfusion because this time is approximately halfway be tween the 4-20 min used to measure transfer constants.
Capillary perfusion
The number of perfused vascular cross-sections per unit area of tissue was measured in five control gerbils, in five gerbils after 3 h and 11 min of ischemia without reper fusion, and in six gerbils after 3 h of ischemia with 11 min of reperfusion. Blood vessels were visualized using the fluorochrome fluorescein isothiocyanate (FIT C) coupled to bovine serum albumin. Approximately 30 mg of FITC albumin per 100 g of body weight was injected through a cannula in a femoral vein. After 1 min of circulation time, the animal was decapitated, the brain removed, the cor tex sampled for specific gravity measurements, and the brain frozen in 2-methylbutane cooled in liquid nitrogen. The brain was stored at -70°C until analyzed.
The brains were first cut coronally, 5 mm anterior to the junction between the cortical hemispheres and the cerebellum. The anterior portion of the brain was then mounted on a microtome specimen holder and coated in embedding medium for frozen tissue specimens (O.C.T. compound; Niles Scientific). The caudal face was sec tioned in a cryostat at -18°C. Sections 8 fLm thick were taken, transferred to glass slides, and dried at 37°C for � 15 min. Sections were then either examined for fluores cence or stained (Multiple Stain Solution; Polysciences) to determine the level at which the brain had been cut. The sections were examined on a Zeiss fluorescent mi croscope using a 40x objective and a lOx eyepiece. The FITC-containing vessels were visualized using a 450-to 490-, 5lO-, 520-nm filter combination. The number of vas cular cross-sections in the gray matter of the frontal sen sorimotor cortex in the contralateral and ipsilateral hemi sphere was counted. Sixteen adjacent fields, 0.145 mm2 each, were counted, the data were pooled, and the num ber of blood vessel sections per square millimeter was calculated. Photographs were taken with an Olympus OM-2S camera using Kodacolor 1000 ASA film.
Statistical analysis
Transfer constants were calculated from a linear, least squares regression analysis of the data, fit to Eq. 1. The results were subjected to an analysis of covariance with a two-tailed Newman-Keuls procedure to test for diff er ences within the data sets. Data for physiological param eters, the CBF, the number of perfused vessels, and the ratio of PS products were analyzed using a model 1 anal ysis of variance with the Newman-Keuls a posteriori test for multiple comparisons (Zar, 1984) . A p value of <0.05 was considered significant. 
RESULTS
The incidence of animals showing a stroke index of �10 was -25%. The mean values for the stroke index, specific gravity of the contralateral and ipsi lateral cortex, and physiological parameters are presented in Table 1 . The specific gravity of the ipsilateral cortex was decreased after 3 h of isch emia and after 3 h of ischemia with up to 20 min of reperfusion, indicating the development of signifi cant edema in both groups of animals. In contrast, the specific gravity of the contralateral cortex was unchanged across the three groups of animals. There were small but statistically significant de creases in the blood pressure of gerbils that experi enced ischemia or ischemia with reperfusion. Be cause the magnitudes of these changes were small, they were not thought to have significantly affected the results of the study.
The measured values for the CBF are presented in Fig. 2A . After 3 h of ischemia, the CBF de creased significantly in both the contralateral and the ipsilateral cortex compared with the CBF in control animals. The decrease in the ipsilateral cor tex was much greater than in the contralateral cor tex, 81% (p :;:;; 0.00 1) and 30% (p :;:;; 0.025), respec tively. After 11 min of reperfusion, the CBF in the ipsilateral cortex increased to a preischemic level of 63.3 ± 10.0 mll00 g� 1 min � I. In contrast, the CBF in the contralateral hemisphere decreased to a value of 26.3 ± 3.0 ml 100 g�1 min�l.
After 3 h of ischemia, the transfer constant for AIB in the ipsilateral cortex (Fig. 2B ) decreased by 67% (p :;:;; 0.001) compared with the control value. Despite a significant decrease in the CBF in the contralateral cortex, the K; for AIB in the contra lateral cortex of the ischemic gerbils was not signif icantly different from the control value. Because AIB should be a diffusion-limited tracer down to flows of 1 ml 100 g � 1 min � 1 (Fenstermacher et aI., 198 1) (see Eq. 2), the change in K; during ischemia must be due to a change in either the permeability or the surface area. In preliminary experiments us ing eH]mannitol, another nontransported com pound, we found a significant decrease (p :;:;; 0.025) in its PS product after 3 h of ischemia from 0.82 ± 0.05 to 0.6 1 ± 0.06 fLl g� 1 min � 1 (mean ± SE). Since mannitol and AIB are believed not to be transported at the BBB, these results suggest a de crease in the surface area of the ipsilateral cortex during 3 h of ischemia. We chose AIB as the passive permeability marker because its permeability more closely matched that of sodium, and therefore changes in transfer constant for sodium could be more accurately studied.
The transfer constants for AIB, after a brief pe riod of reperfusion, are also shown in Fig. 2B . The transfer constant in the contralateral cortex was not significantly different from the control value. In spite of the increase in the CBF to preischemic val ues, K; for AIB in the ipsilateral cortex remained significantly decreased when compared with con trol (48%; p :;:;; 0.025) or with the contralateral cor tex (48%; p :;:;; 0.05). These results point to a sus tained decrease in the surface area of the :eBB dur ing the early period of reperfusion.
A decrease in the surface area of the brain should be reflected in a decline in the number of perfused capillaries. Large molecular weight compounds la beled with FITC have been used to visualize the density of the perfused capillary bed of the heart (Vetterlein et al., 1982 ) and brain (Weiss et aI., 1982; Klein et al., 1986; Buchweitz-Milton and Weiss, 1988) . Figure 3 shows a photomicrograph of brain sections taken from the gray matter of the frontal sensorimotor cortex in a nonreperfused ger- bil in which FITC-Iabeled albumin was circulated for 1 min. A reduction in the number of perfused vascular sections, between the contralateral and ip silateral cortex, is clearly apparent. The number of perfused vascular sections per unit area of tissue in control, ischemic, and reper fused gerbils is presented in Fig. 2C . In ischemic gerbils, the number of perfused blood vessels in the ipsilateral cortex was reduced by 54% (p � 0.001) compared with perfused blood vessels in the con tralateral cortex. After 11 min of reperfusion, the number of perfused blood vessels in the ipsilateral cortex was still significantly reduced (p � 0.025) by -20% compared with the contralateral cortex. These changes in the number of perfused blood ves sels during the ischemic and subsequent period of reperfusion are similar to the reduction in the trans fer constant for AlB shown in Fig. 2B and suggest that the change in the surface area is the result of a decrease in the number of perfused blood vessels. Finally, the K; for sodium, measured simulta neously with that for AlB, is summarized in Fig.  2D . The PS product for sodium, like that for AlB, was significantly decreased (53%; p � 0.05) after 3 h of ischemia. However, the decrease in the trans fer constant for sodium was less than that for AlB. In contrast to that for AlB, the transfer constant in the ipsilateral cortex for sodium during a period of 20 min of reperfusion was not decreased in compar ison with the K; in either the contralateral or the ipsilateral cortex of the control animals. Further, the transfer constant for sodium during reperfusion was significantly increased from its value after 3 h of ischemia, but before reperfusion.
The difference in behavior of sodium and AlB during ischemia and reperfusion is demonstrated in Table 2 . The ratio of PS products was calculated for individual animals using Eq. 3. Since S should be identical for both compounds, the ratio of PS prod ucts represents the ratio of the permeabilities for sodium and AIB. The ratio of the permeabilities was significantly increased during ischemia and during a 20-min period of reperfusion. These results suggest that during ischemia and the early phase of reperfusion, the permeability of the BBB to sodium is selectively increased through a mechanism that does not affect the permeability of AIB, and prob-J Cereb Blood Flow Metab, Vol. /0, No. 2, 1990 ably represents a stimulation of carrier-mediated sodium transport across capillaries that remain open.
DISCUSSION
During the first 3 h of incomplete ischemia, the rate of sodium and water accumulation in brain closely approximates the rate of sodium transport from blood to brain (Betz et aI. , 1989) . Thus, BBB sodium transport appears to be the rate-limiting step in the development of early ischemic brain edema. However, during incomplete ischemia, the rate of sodium influx into brain is reduced by 35-55% as compared with nonischemic controls (Lo et aI. , 1987; Betz et aI., 1989) . This reduced rate of sodium uptake could actually slow the rate of edema accumulation. The present study was under taken to investigate the mechanism of the reduction in sodium transport and to extend our knowledge of the factors controlling the development and resolu tion of ischemic brain edema.
Consistent with previous reports (Lo et aI., 1987; Betz et aI. , 1989) , we observed a 53% decrease in the sodium transfer constant after 3 h of incomplete ischemia (Fig. 2C) . A reduction in transfer constant could occur through either a decrease in membrane transport, a decrease in diffusional permeability (P), or a decrease in the perfused capillary surface area (S). We used two approaches to investigate these possibilities. First, the BBB permeability to AIB, a small neutral amino acid whose brain uptake occurs only by simple diffusion, was measured si multaneously with that of sodium. We found an even greater reduction in AIB uptake than in so dium uptake (67 and 53%, respectively), suggesting that the reduction in sodium transfer constant was not due to a specific reduction in membrane trans port of sodium, but rather to either a decrease in the general diffusional permeability of the BBB or a decrease in capillary surface area. Second, using FITC-labeled albumin to identify capillaries that were perfused during the final minutes of the exper iment, we noted a 54% decrease in the number of perfused blood vessels after 3 h of incomplete isch emia. In this model, therefore, decreased BBB transfer is the result of reduced capillary perfusion. We have also noted that the decrease in sodium uptake was less than that for AIB during 3 h of ischemia. Table 2 shows that the ratio of PS prod ucts, corrected for blood volume and rapidly filling space, is significantly increased during 3 h of isch emia. This result indicates that sodium transport may be stimulated during ischemia.
Following a brief period of reperfusion, the trans fer constant for sodium returned to the preischemic Values are means ± SE for 20 control gerbils, 17 ischemic gerbils, and 21 gerbils experiencing ischemia with reperfusion. Data were analyzed using a model I analysis of variance with a two-tailed Newman-Keuls a posteriori test for mUltiple comparisons.
a Control compared with either 3 h ischemia or 3 h ischemia with up to 20 min of reperfusion. b Contralateral versus ipsilateral cortex, p "" 0,025. C Contralateral versus ipsilateral cortex, p "" 0.001. d 3 h ischemia compared with 3 h ischemia with up to 20 min of reperfusion, p "" 0.001. value, while that of AlB remained low, At the same time, the number of perfused blood vessels contin ued to be reduced. In this case, the changes in so dium uptake cannot be explained by changes in dif fusional permeability or perfused capillary surface area. Sodium flux across the BBB occurs in part by specific carrier-mediated transport systems (Crone, 1985; Betz, 1986; Johanson et aI. , 1989) , while AlB flux occurs only by simple diffusion (Blasberg et aI. , 1983) . Consequently, our results indicate a relative increase in BBB sodium transport during the reper fusion period. In other words, although the sodium transfer constant is normal, S is decreased as indi cated by the AlB and FITC-albumin results; there fore, P for sodium must be increased. This is best illustrated by the ratio of sodium to AlB PS prod ucts (Table 2) . Because S should be the same for these two compounds, a change in the ratio indi cates a change in P.
The mechanism for a stimulation in BBB sodium transport following ischemia is currently unknown. Since it seems likely, however, that capillary Na,K ATPase participates in BBB sodium transport (Crone, 1985; Betz, 1986; Betz et aI. , 1989) , reoxy genation of brain with a high extracellular potas sium concentration may promote sodium uptake in exchange for potassium efflux. We have recently demonstrated that Na,K-ATPase activity increases in isolated brain capillaries when potassium is ele vated from 3 to 10 mM (G. P. Schielke et aI., un published). Regardless of the mechanism, the in creased sodium influx could accelerate the rate of edema accumulation. An increased sodium influx might contribute to the increased brain edema seen in gerbils that undergo 3 h of incomplete ischemia with 3 h of reperfusion as compared with gerbils that undergo 6 h of ischemia alone (Ito et aI. , 1979) .
Despite the good agreement between the changes in AlB P S product and the changes in number of perfused blood vessels, other reasons for the de crease in AlB transfer should be considered. The CBF was decreased by 81 % after 3 h of incomplete ischemia. However, even at these low flows, up-take of both AlB and sodium should still be diffu sion limited, and therefore the low CBF cannot ac count for the change in PS products. A decrease in AlB PS product might conceivably occur if, during ischemia, active uptake of AlB by brain cells were reduced, so that backflux resulted in loss of isotope from the brain. Because the control brain space for AlB at the longest time used in this study (20 min) did not exceed 8-10%, and was even less in the ischemic brain, backflux is also an unlikely expla nation for the decrease in the AlB P S product. Thus, the observed decrease in PS products during ischemia seems best explained by a decrease in per fused capillary surface area.
Following 11 min of reperfusion, the CBF in the ipsilateral cortex returned to its preischemic value, while the transfer constant for AlB and the number of perfused capillaries remained low. This result in dicates a mismatch between CBF and capillary per fusion with fewer than the normal number of per fused blood vessels supporting a normal level of flow. In contrast to the hyperemia that has been reported in other models of incomplete ischemia (Kagstrom et aI., 1983b; Todd et aI., 1986) , the mis match between CBF and perfusion in this study in dicates a hyperperfusion of the capillaries that re main open. It is possible that this hyperperfusion of open capillaries is the functional equivalent of hy peremia. Furthermore, a decrease in the number of perfused capillaries during the ischemic and early postischemic periods could be a precursor to the development of the delayed hypoperfusion that has been noted following global (Hossmann et aI., 1973; Snyder et aI., 1975; Pulsinelli et aI., 1982; Kagstrom et aI. , 1983a) or incomplete (Levy et aI. , 1979; Kagstrom et aI., 1983b; Todd et aI., 1986) ischemia. This decrease may also relate to what previously has been called the "no re-flow" phenomenon (Ames et aI., 1968; Kagstrom et aI. , 1983a) .
The reason for the decrease in capillary perfusion is unknown at the present time. Recent experiments have implicated platelets (Hossmann et aI., 1980; Obrenovitch and Hallenbeck, 1985; Turcani et aI. , 1988) and polymorphonuclear leukocytes (Hallen beck et aI. , 1986; Schurer et aI., 1987) in the devel opment of ischemic microvascular disturbances. We speculate that unilateral carotid occlusion in the gerbil results in the accumulation of blood elements in microvessels of the brain and leads to capillary plugging and a reduction in perfused capillaries. Fu ture experiments will be directed at testing this hy pothesis.
